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Abstract: We assess numerically the performance of single-carrier digital
backpropagation (SC-DBP) and maximum-likelihood sequence detection
(MLSD) for DP-QPSK and DP-16QAM superchannel transmission over
dispersion uncompensated links for three different cases of spectral shaping:
optical pre-filtering of RZ and NRZ spectra, and digital Nyquist filtering.
We investigate the limits for carrier proximity of each spectral shaping
technique and the correspondent performance behavior of each algorithm,
for both modulation formats. For superchannels with carrier spacing close to
the Nyquist limit, it is shown that the maximum performance improvement
of 1.0 dB in Q2-factor is provided by those algorithms. However, such gain
can be highly reduced when the order of the modulation format increases.
© 2015 Optical Society of America
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1. Introduction
The development of coherent detection with digital signal processing (DSP) techniques for
optical receivers has enabled greater than 10 Tb/s transmission capacity demonstrations over
single mode optical fiber (SMF) systems [1,2]. Nevertheless, the increasing demand for network
services keep pushing the development of optical communication, targeting optimal use of the
physical layer resources. In this sense, transceivers are evolving to make efficient use of the
available fiber channel spectrum. Under this perspective, multi-carrier transmission techniques
allied with advanced modulation formats and pulse shaping, generally named “superchannels”
have been extensively investigated. Due to the multi-carrier parallelism concept, superchannel
architectures may become attractive by lowering the requirements on the speed of electronics
necessary to increase transponder’s line rates, although its feasibility may also require highly
integrated photonic devices. However, since the transmitted carriers are closely allocated within
the superchannel bandwidth, impairments originated from linear crosstalk [3], non-linear Kerr
effects and combinations of both may impose considerable performance penalties. From this
perspective, in order to maximize performance of superchannels transmission, receiver’s DSP
should be robust to both kind of impairments.
To minimize linear crosstalk penalties in multi-carrier transmissions, pulse shaping tech-
niques to constraint modulated bandwidth have been explored, such as digital Nyquist filter-
ing [4] and optical pre-filtering [5–7]. The benefits of those techniques have been experimen-
tally assessed in long haul optical transmission systems. However, for superchannels close to
the Nyquist limit, crosstalk can not be completely eliminated due to practical impossibility to
obtain zero roll-off modulated spectra. Although it is well known that linear crosstalk can be
compensated using multiple input multiple output (MIMO) based equalizers, for high band-
width superchannels, joint carrier MIMO equalization techniques may require the receiver to
operate with non-realistic sampling rates. Concurrently, nonlinear compensation (NLC) tech-
niques based on DSP have been extensively investigated to improve robustness of the receivers
against nonlinear impairments. In particular, digital backpropagation (DBP) [8], perturbation
equalizers [9] and maximum likelihood sequence detection (MLSD) [10] have been explored.
Previous works have investigated optimum performance bounds of DSP strategies, and trans-
mitter/receiver architectures for different scenarios. In [11] perturbation based nonlinearity mit-
igation is numerically evaluated in WDM transmissions, with different pulse shaping and trans-
mitter/receiver bandwidths, however not targeting superchannel scenarios. In [12], the optimum
bandwidth for superchannel NLC using DBP was assessed, but without detailed analysis on im-
pact of the linear impairments. MLSD strategies have been accessed in [10] for intra-channel
NLC, without considering multi-carrier or superchannel scenarios.
In this work, we numerically investigate the combined performance of single carrier DBP
(SC-DBP) based NLC, and MLSD in quasi-Nyquist superchannel transmission over standard
dispersion uncompensated fiber links. We consider three distinct cases of carrier spectral shap-
ing: small roll-off raised cosine and two optical pre-filtered transmitters. This paper is an ex-
tended version of the work published in [13]. We extend our previous results and discussions
comparing DP-QPSK and DP-16QAM quasi-Nyquist superchannels, in order to evaluate the
influence of the modulation format. In our analysis we assume that the receiver uses indepen-
dent parallel processing for each subcarrier, without any MIMO processing or multi-carrier
NLC.
2. Simulation setup
To investigate the performance of single channel DBP and MLSD for different superchannel
configurations, we used a numerical simulation model illustrated in Fig. 1. The transmitted
spectrum was composed of 5 phase-locked carriers modulated at 32 Gbaud. To quantify the
impact of crosstalk for each pulse shaping, we simulated the transmission for different carriers
frequency separation, varying from 45 to 32.5 GHz, with 2.5 GHz granularity.
The transmitter was configured to generate three different scenarios of narrow spectrally
modulated carriers: pre-filtered non-return-to-zero (NRZ)(Fig. 1(b.1)), pre-filtered return-to-
zero (RZ) with 50% duty cycle (Fig. 1(b.2)) and raised cosine (RC) with 1% of roll-off factor
(Fig. 1(b.3)). NRZ pulses were generated with ideal rectangular shape, while RZ 50% pulse
shape corresponds to the one described in [14]. The bit sequences used are decorrelated pieces
of a pseudo-random bit sequence (PRBS, 223−1) with a fixed length of 219 bits per carrier. The
symbol sequences of different carriers were decorrelated randomly by at least 173 symbols.
For all tested cases, the carriers were synchronized in time. After constellation mapping, the
Fig. 1. . Schematic of the simulation setup. (a) Block diagram of the transmitter, fiber channel and
coherent receiver. (b) Spectra used for comparison: (b.1) PF-NRZ, (b.2) PF-RZ 50%, (b.3) RC (roll-off
= 0.01). (c) Modulated carriers’ spectrum (RC pulse shaping).
data was oversampled to 16 samples per symbol. Following pulse shaping and optical modu-
lation, narrow pre-filtering of RZ and NRZ spectra was performed by a passband optical filter
modeled with a Gaussian attenuation profile (according to the WaveShaper filter models) and
3 dB bandwidth of 25 GHz, located after the dual polarization in-phase/quadrature (DP-IQ)
modulator. This filter was bypassed in the RC pulse shaping configuration. The optical mul-
tiplexing stage (MUX) was considered ideal, imposing no extra filtering to the carriers. The
carriers were transmitted over 3600 km (45 × 80 km) for the DP-QPSK modulation, and the
over 800 km (10 × 80 km) when modulated with DP-16QAM. Both cases simulated disper-
sion uncompensated links with lumped Erbium doped fiber amplifiers (EDFAs). The fiber spans
were modelled with the following typical parameters: γ = 1.3W−1km−1 (nonlinear coefficient),
α = 0.2 dB/km (fiber attenuation), D = 16.6 ps/nm/km (chromatic dispersion), L = 80 km
(span length), GEDFA = 16 dB (EDFA gain), NFEDFA = 4.5 dB (EDFA noise figure). All re-
sults presented refer to the central carrier performance. The optical field propagation within the
fiber was simulated applying standard Split Step Fourier (SSF) method to solve numerically the
vectorial coupled-mode form of the nonlinear Schro¨dinger equation (NLSE), as it is described
in [15]. Polarization mode dispersion (PMD) effects were disregarded. SC-DBP was performed
with a fixed step size of ∆z= 20 km (4 steps/span). The equivalent lowpass frequency response
of the optical demultiplexer (DEMUX) and optical coherent receiver frontend was simulated
with Gaussian shaped frequency response with a 3 dB bandwidth of 24 GHz, for all cases. This
value was chosen to match the specifications of standard commercial devices. A set of DSP
algorithms [16] was applied to compensate for channel impairments and estimate the transmit-
ted data: decimation to 2 samples/symbol, frequency domain chromatic dispersion equalization
or DBP, adaptive equalization with the constant modulus algorithm (CMA, 21 taps) for DP-
QPSK, and multi-modulus algorithm (MMA, 21 taps) for DP-16QAM, carrier recovery (digital
PLL), maximum likelihood sequence detection (MLSD), digital demodulation and error count-
ing. The adaptive equalizer was used to approximate the matched filter at the receiver for each
tested configuration. MLSD was performed per polarization at 1 sample per symbol, based on
a minimum Euclidean distance metric. Each sequence of received symbols was compared with
estimated means of channel states stored in a lookup table. The means were calculated using
histograms of training sequences in order to account for true channel statistics.
3. Results
The results obtained by numerical simulations are presented in this section. The chosen figure
of merit for performance assessment is the Q2-factor, in dB, which is calculated from the bit
error rate (BER) according to Q2dB = 20log10[
√
2erfcinv(2BER)].
3.1. 5 × 32 GBaud DP-QPSK Superchannel
Figure 2 depicts in contour plots the Q2-factor gain with respect to electronic chromatic dis-
persion compensation (EDC) only, obtained with SC-DBP as function of carrier separation and
fiber input power for DP-QPSK superchannel transmission. These results illustrate how the
performance of SC-DBP is affected by inter-carrier interference for each transmitter config-
uration. For coarse inter-carrier spacing (≥ 40 GHz), SC-DBP results in similar performance
improvement values in the nonlinear transmission regime for all three configurations. However,
as carrier frequency spacing decreases towards quasi-Nyquist superchannel, the Q2-factor im-
provement provided by SC-DBP per input power is less affected in the low roll-off RC config-
uration. This can be explained considering that a higher level of crosstalk increases the impact
of inter-carrier nonlinear effects, which should reduce the single carrier NLC performance.
Fig. 2. . Q2-factor improvement after SC-DBP as function of carrier spacing and fiber input power for
the DP-QPSK superchannel after 3600 km transmission.
Fig. 3. . Q2-factor improvement of MLSD compared with SbS decisions as function of fiber input
power per carrier with 32.5 GHz carrier spacing for the DP-QPSK superchannel after 3600 km trans-
mission.
Fig. 4. . Q2-factor as function of fiber input power per carrier for the 32.5 GHz carrier spacing con-
figuration for the DP-QPSK superchannel after 3600 km transmission.
Comparing all three superchannel configurations, the results show that modulated carriers
with low roll-off Nyquist spectra provide performance robustness for SC-DBP in quasi-Nyquist
superchannels, additionally to minimization of linear crosstalk interference.
We then investigate the performance of MLSD. Under low crosstalk conditions (i.e, for
coarse carrier frequency spacings) negligible performance improvement is obtained by MLSD
compared with symbol-by-symbol (SbS) decisions. However, approaching quasi-Nyquist car-
rier spacing (i.e., increasing crosstalk), MLSD and SbS strategies show distinct performances.
Figure 3 shows the Q2-factor gain obtained with 16, 256 and 4096 MLSD states (2, 4 and 6
taps, respectively) for 32.5 GHz frequency spacing, with and without NLC by SC-DBP. A Q2-
factor improvement of 0.5 dB over SbS decisions is obtained by MLSD at optimum fiber input
power, for systems with pre-filtering. This gain is attributed to linear crosstalk mitigation rather
than intra-carrier NLC, since it is approximately constant for both linear regime and nonlinear
regime after DBP.
The benefit by MLSD decreases faster in the nonlinear regime as the transmitted power
increases if SC-DBP is not previously applied, due to the increasing weight of the nonlinear
impairment in the overall noise. Additionally, no improvement is obtained using MLSD with
RC configuration (Fig. 3(c)). It is shown (Fig. 3(a) and 3(b)) that the performance gain provided
by MLSD saturates when more than 4 memory taps are considered, which indicates the time
window limit for linear crosstalk effects that can be mitigated. In absence of linear crosstalk,
MLSD is not able to improve the performance over SbS decisions, and it may penalize it in
some cases, due to error propagation of wrong symbol decisions, as the negative Q2-factor gain
values of Fig.3 indicate.
Figure 4 shows the Q2-factor versus input power per carrier for the quasi-Nyquist superchan-
nel configuration. In this results, MLSD was configured with 4 memory taps. For pre-filtered
transmitters (Fig. 4(a) and 4(b)), at the optimal input power (-2 dBm) the Q2-factor improve-
ment of combined SC-DBP and MLSD is 1.0 dB.
In the nonlinear transmission regime with crosstalk, the gain of MLSD is degraded and the
performance curve tends to converge to the same obtained by SbS decisions. However, the
combination of DBP and MLSD still improves the Q2-factor by around 2.0 dB in the nonlinear
transmission regime, compared with EDC and SbS detection. When the carriers experience low
levels of crosstalk (Fig. 4(c)), SC-DBP provides the same 1.0 dB margin of improvement at the
optimal input power, which is the expected value for single-carrier NLC [17,18] in multicarrier
transmission scenarios. Finally, as depicted in (Fig. 4(c)), MLSD and SbS decisions have the
same performance if the transmitter is configured with RC pulse shaping, either using DBP, or
not. This can explained by the Gaussian characteristic of the nonlinear impairments in long haul
dispersion uncompensated links [19]. In this case, as the nonlinear impairment approximately
behaves as uncorrelated additive Gaussian noise, its statistics also average out when the receiver
search for the probabilities distributions to be used in the MLSD stage.
3.2. 5 × 32 GBaud DP-16QAM Superchannel
Figure 5 shows the gain in Q2-factor provided by SC-DBP as function of carrier frequency sep-
aration and fiber input power for the DP-16QAM superchannel transmission. It can be noticed
that, as the carrier spacing decreases, the area with DBP gain greater than 1 dB is reduced,
when compared to the DP-QPSK case (Fig. 2). These results indicate that the impact of inter-
carrier crosstalk on SC-DBP performance depends on the modulation format, as also pointed
out in [20, 21].
Fig. 5. . Q2-factor improvement of SC-DBP as function of carrier spacing and fiber input power for
the DP-16QAM superchannel after 800 km transmission.
Fig. 6. . Maximum Q2-factor as function of carrier spacing configuration for the DP-16QAM super-
channel after 800 km transmission.
Figure 6 shows the maximum Q2-factor value obtained at the optimum input power as func-
tion of the carrier spacing for DP-16QAM superchannel transmission. For coarse carrier spac-
ing, SC-DBP provides a Q2-factor improvement of 1.0 dB for all cases. This gain tends to vanish
when the carriers move to the quasi-Nyquist superchannel configuration. For pre-filtered trans-
mitters (Fig. 6(a) and 6(b)), the minimum allowed frequency spacing with Q2-factor above the
forward error correction (FEC) limit is 35 GHz. The crosstalk penalty is higher for the pre-
filtered RZ 50% case than for the pre-filtered NRZ, due to the broader spectrum of the former.
Among all tested cases, only the RC pulse-shaping case is robust enough to provide acceptable
pre-FEC performance at 32.5 GHz of carrier spacing. However, Q2-factor improvement due
to SC-DBP reduces to 0.2 dB, in agreement with similar experimental results shown in [22].
Using 2 memory taps (162 = 256 states), no improvement is provided by MLSD. Further incre-
ment to 4 memory taps MLSD (164 = 665536 states!) was not considered due to complexity
constraints to run the algorithm.
3.3. On the MLSD crosstalk mitigation performance
Although no detailed analysis on the mechanisms that allow MLSD mitigate linear crosstalk
penalties was targeted in this work, we can conjecture based on [23, 24]. Qualitatively, we
can indicate that, given the DSP configuration set in receiver, the training rule to adapt the
equalizer taps may indirectly choose a narrow bandwidth filter structures that suppress crosstalk
from neighbor carriers. In other words, it may “translate” linear crosstalk penalty in linear
intersymbol interference (ISI) penalty, which then can be mitigated with MLSD.
The negligible gain of MLSD in the DP-16QAM case can be attributed to two reasons: large
number of channel states which are not well separated in the Euclidean space, and insufficient
signal-to-noise ratio at the receiver. Further investigation would be required to define the limits
of MLSD performance for each modulation format.
4. Conclusion
Combined performance of single-carrier digital backpropagation and maximum likelihood se-
quence detection has been investigated for mitigation of linear and nonlinear impairments in
optical DP-QPSK and DP-16QAM superchannels generated with three distinct spectral shap-
ing techniques: optical pre-filtering of RZ and NRZ spectra, and digital Nyquist filtering. We
evaluate the impact of superchannel carrier spacing on the performance of each algorithm.
Numerical results indicate that the use of both algorithms can complementary provide, at the
nonlinear threshold, up to 1.0 dB of Q2-factor improvement, over standard chromatic dispersion
compensation in the digital domain. However, we showed that MLSD is only advantageous for
transmitters using optical spectral shaping, in configurations where linear inter-carrier crosstalk
is present. Comparing DP-QPSK with DP-16QAM results, it can be noticed that the impact of
the impairments scale with the order of the modulation format, indicating that for dense super-
channels transmitted over dispersion long haul uncompensated links, the combination of both
techniques is only effective for low-order modulation formats.
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